To evaluate Save-A-Tooth (SAT), EMT Toothsaver (EMT) and Hank's Balanced Salt Solution (HBSS) for their influence on the viability and proliferative capacity of human periodontal ligament fibroblasts (HPDLFs).
Introduction
Tooth avulsion is the complete displacement of a tooth from its alveolar socket due to a traumatic injury (American Academy of Pediatric Dentistry 2008). The reported incidence rate of the tooth avulsion ranges from 0.5% to 9% of all dental trauma in the permanent dentition (Andersson et al. 2006 . Traffic accidents, falls and participation in sports have been reported to be the three most frequent incidents that lead to the avulsion of incisors in children (Petrovic et al. 2010 ).
According to clinical guidelines, an avulsed tooth must be appropriately pre-conditioned and ultimately replanted into the alveolar socket (McIntyre et al. 2009 ). The most significant and prevalent complication after replantation is external root resorption, particularly replacement resorption, preceded by ankylosis (Andreasen & Hjorting-Hansen 1966 , Andreasen et al. 1995 , Kinirons et al. 1999 , Chappuis & von Arx 2005 , Werder et al. 2011 . One of the most critical prognostic factors is the viability of PDL cells at the time of replantation (Löe & Waerhaug 1961 , Andreasen et al. 1995 , which, in turn, depends on the extra-alveolar dry time (Soder et al. 1977 , Andreasen 1981 . The duration of extra-alveolar dry storage, therefore, has a direct impact on the prognosis of the replanted tooth, as demonstrated by numerous studies (Cvek et al. 1974 Werder et al. 2011 ).
The most favourable condition for survival of the avulsed tooth is achieved by immediate replantation (Andreasen & Hjorting-Hansen 1966 , Trope & Friedman 1992 , Andreasen et al. 1995 . However, immediate replantation is not always possible due to fear or lack of knowledge (Glendor 2009 , Merz et al. 2011 , Emerich & Nadolska-Gazda 2013 . Management of concomitant injuries may also delay the replantation of an avulsed tooth (Petrovic et al. 2010 ). The avulsed tooth, when it cannot be replanted immediately, must be stored in a suitable storage medium until it can be replanted in order to prevent damage to PDL cells due to dehydration. Delayed replantation following nonphysiological storage leads to a high chance of root resorption and tooth loss (Petrovic et al. 2010) . It has been suggested that a tooth storage medium should maintain viability as well as clonogenic and mitogenic capacity of PDL cells, have physiological osmolality and pH, induce no antigenantibody reaction, and demonstrate antimicrobial activity (Malhotra 2011) .
Household items such as milk could be considered as a practical medium for short-term storage of an avulsed tooth due to its availability (McIntyre et al. 2009 ). Milk has a physiological pH and osmolality values of 6.7 and 277 mOsm kg , respectively (Marino et al. 2000) . Animal studies have demonstrated that tooth storage in milk for up to 6 h resulted in periodontal healing with a low incidence of root resorption after replantation (Blomlöf et al. 1983 , Trope & Friedman 1992 . However, extended periods of preservation might be achieved using Hank's Balanced Salt Solution (HBSS), the standard storage medium for an avulsed tooth (Flores et al. 2007 , Andersson et al. 2012) , or commercial products.
Save-A-Tooth (SAT) (Phoenix-Lazerus, Inc., Shartlesville, PA, USA) and EMT Toothsaver (EMT) (SmartPractice.com, Phoenix, AZ, USA) are two commercially available tooth storage media.
Whilst SAT is a HBSS-based solution, EMT is made of Special Cell Culture Medium (SCCM), which is a modified version of Roswell Park Memorial Institute (RPMI) medium that contains special preservatives (Pohl et al. 1999) . EMT is marketed as Dentosafe (MEDICE Arzneimittel Pütter GmbH & Co. KG, Iserlohn, Germany) in Europe.
The aim of this study was to compare SAT and EMT with HBSS, as the standard storage medium, for their respective effects on the viability and proliferative capacity of human periodontal ligament fibroblasts (HPDLFs) over time using a highly sensitive ATP assay and PrestoBlue assay, respectively. The null hypothesis is that all the storage media are the same in maintaining the viability and proliferative capacity of HPDLFs and they are as detrimental to cells as water is at all time-points.
Materials and Methods
This research experimental design using HPDLFs was approved by the Graduate School, Marquette University (Milwaukee, WI, USA), and an exemption status was granted by the Institutional Review Board of Marquette University.
Determination of pH and osmolality
Sterile HBSS with calcium and magnesium (Mediatech Inc., Herndon, VA, USA), SAT and EMT were purchased and stored in accordance with the manufacturers' instructions. ) and streptomycin (10 000 μg mL −1 ) (Quality Biological Inc, Gaithersburg, MD, USA), 1% amphotericin (250 μg mL −1 ) (Amresco LLC, Solon, OH, USA) and 5 mM L-Glutamine (Amresco, Solon, OH, USA) (EMEM-FBS-PS-A-L) at 37 °C in a humidified atmosphere of 5% CO2 and 95% air. The HPDLFs were refed with fresh media every 3-4 days and incubated until the cells reached approximately 90% confluency. Once fibroblast-like phenotypes of the cells were confirmed under a microscope, the HPDLFs were trypsinized using TrypLE™ Express Enzyme (Invitrogen, Carlsbad, CA, USA) and then subcultured.
Exposure of cells to tooth storage media
The cells of the third passage were used for the experiment. The HPDLFs were trypsinized and resuspended in the prepared media. The number of cells were counted via trypan blue exclusion method, and the HPDLFs were seeded into 96-well cell culture plates, with a density of 5×10 3 cells per well. After 24-hour incubation at 37 °C in 5% CO2, the cell culture medium in each well was replaced with 100 μL of one of the following media: HBSS, SAT, EMT or deionized water (negative control). The HPDLFs were then incubated at room temperature (22 °C) for 0.5, 1, 3, 6, 12 or 24 h.
Assessment of cell viability using an ATP assay
At the end of each exposure time, the viability of HPDLFs were determined through quantifying the detectable ATP, using CellTiter-Glo® luminescent cell viability assay (Promega Co., Madison, WI, USA). 100 μL of CellTiterGlo® Reagent was added to each well, followed by incubation at room temperature for 10 min to stabilize the luminescent signal. The luminescent signal for each sample was measured in the form of Relative Light Unit (RLU) using a SynergyHTX Multi-Mode Reader (BioTek Instruments, Inc., Winooski, VT, USA).
Serial dilution
To correlate the actual number of metabolically active cells with the obtained luminescent signal value, CellTiter-Glo® luminescent cell viability assay was run with serially diluted nontreated cells, from 10 000 to 0 cells per well.
Assessment of viability and post-storage proliferation capacity of HPDLFs using PrestoBlue assay
To validate the viability measurement of HPDLF cells through ATP assay over time, and evaluation of poststorage proliferation capacity of the cells, the PrestoBlue assay was used. For this purpose, the same cell density, incubation temperature and exposure protocol were used as described previously. The complete cell culture media containing DMEM supplemented with 10% FBS at 37 °C and 5% CO2 were used as the control. For viability assessment, the storage media, that is water, EMT, HBSS or SAT were replaced by 150 μL of 10% (v/v) PrestoBlue solution in phenol red-free DMEM after 3, 12 and 24 h, the plates were incubated at 37 °C for 30 min, and the change in the fluorescent signal was recorded using a SynergyHTX Multi-Mode Reader (BioTek Instruments, Inc., Winooski, VT, USA) at excitation/emission wavelengths of 560/590 nm.
Furthermore, the PrestoBlue assay was used to examine the proliferative capacity of HPDLF cells stored in various media for 12 and 24 h. For this purpose, each storage medium was replaced by the complete cell culture media (DMEM supplemented with 10% FBS) after 12 or 24 h, and the cells were allowed to proliferate in cell culture medium at 37 °C, 5% CO2 for 24 and 48 h. After the desired time, the cell culture media were replaced by 150 μL of 10% (v/v) PrestoBlue solution in phenol red-free DMEM, and again change in the fluorescent signal was recorded at 560/590 nm excitation/emission wavelengths after incubation at 37 °C for 30 min. Live/dead staining Viability and morphology of HPDLF cells were also determined by live/dead staining. In brief, after 12 h of introducing storage media to the HPDLF cells, they were stained by adding NucBlue ® Live (DAPI filter) and NucGreen ® Dead (GFP filter) reagents (Thermo Fisher, Waltham, MA, USA) with the ratio of 1 : 100 to the cell culture media. After incubation for 15 min, imaging was carried out using a fluorescence microscope (EVOS FL, Life Technologies, Carlsbad, CA, USA). Using this method of staining, the nuclei of all the cells turn blue, whilst the nuclei of the dead cells present a green fluorescence emission. To observe the morphology of the cells, fluorescein sodium salt aqueous solution was directly added to the cells already stained by live/dead kit (total concentration of 150 μg mL 
Statistical analysis
Statistical analysis of the data was accomplished using IBM SPSS Statistics Version 23 (SPSS In., Chicago, IL, USA). A two-way anovawas used to analyse the effects of different media and storage time on cell viability; Fisher's Least Significant Difference (LSD) was used for post hoc analysis. P -values less than 0.05 were considered significant.
Results

Osmolality and pH of media
The osmolality and pH values of all tested media are summarized in Table 1 . The osmolality of HBSS, SAT and EMT was within the physiological range. The osmolality of deionized water was 0 mOsmol kg −1
. SAT had the osmolality of 295 mOsmol kg −1 , which was within the optimal range for cell growth. The osmolality of EMT and HBSS was 331 and 279 mOsmol kg , respectively. These values were well within the osmolality range in which cell growth would occur. The pH levels of EMT were the closest to the physiological level, followed by HBSS, SAT and water. 
Comparison of cell viability amongst different media groups
The results of the metabolically active viable cells at different time-points in each medium are shown in Fig. 2a . Furthermore, the variation in the number of viable cells as a function of time of storage in each medium has been indicated in Fig. 2b . Figure 2 Average number of viable cells in different media (water, SAT, HBSS and EMT) after 0.5, 1, 3, 6, 12 and 24 h storage measured using ATP assay (a, b). The number of viable cells has been presented as means and standard deviations (95% confidence intervals). An overall alpha-level of 0.05 was used as a cut-point for statistical significance.
A significant difference in viability of the cells existed amongst tested media when compared over all time-points (P < 0.05). The HPDLFs in EMT had the highest number of viable cells, followed by HBSS and SAT. The cells treated with water had the lowest rate of viability overall. Each of these differences was statistically significant (P < 0.05). At the 0.5-, 1-, 3-and 6-hour time-points, the number of viable HPDLFs in water was significantly lower (P < 0.05) than those in EMT, HBSS and SAT, amongst which no significant difference was observed.
After 12 h of exposure, considerably lower numbers of viable cells were observed in the SAT group compared to EMT and HBSS groups; the viability of SAT-treated cells was still significantly higher than water (P < 0.05), however. There was no significant difference between EMT and HBSS groups at this time-point.
At the 24-hour time-point, no significant difference existed between the number of viable HPDLFs in SAT and water. EMT and HBSS maintained approximately the same luminescent signal strength, which represents the metabolically active viable cells, until the 24 th hour. The signal strength from the SAT group decreased significantly between 6-and 12-hour time-points and again between 12-and 24-hour time-points (P < 0.05).
Within the water group, the highest values of luminescence occurred at 0.5-and 1-hour time-points. The remainder of the time-points had statistically similar luminescence signal values, which were significantly lower than those at the 0.5-and 1-hour time-points (P < 0.05).
PrestoBlue assay at 3, 12 and 24 h confirmed the superiority of EMT over SAT (Fig. 3) at all time-points (P < 0.05). HBSS also performed significantly better than SAT for up to 12 h (P < 0.05). However, no significant difference was overserved between HBSS and SAT after 24 h when PrestoBlue assay was used. Figure 4 shows the proliferative capacity of HPDLFs after exposure to each storage media for 12 or 24 h. As can be seen, amongst all the media only EMT maintained the proliferative activity of the cells after 24 h storage. EMT performance after 24 h storage was significantly better than SAT, HBSS and water (P < 0.05) whereas the efficiency of the latter media had no significant difference. Whilst cells stored in HBSS represent a small poststorage activity after 12 h storage, prolonging the storage to 24 h eliminates their proliferative capacity. Cells stored in SAT did not reveal any proliferative activity independent of the length of storage time. The performance of EMT, HBSS and SAT was significantly different from each other after 12 h storage (P < 0.05) amongst which EMT and SAT represented the superior and inferior efficiencies, respectively. Live/dead staining Figure 5 shows the live/dead staining results along with the morphology of HPDLFs. EMT and HBSS successfully preserved the cells up to 12 h (blue nuclei) whilst the major fraction of the cells stored in water and SAT were dead (green nuclei). The cells exposed to EMT and HBSS maintained their spindle-like morphology whilst storage in water led to round cells with no anchoring power. Interestingly, even though the cells stored in SAT were metabolically inactive, they maintained their spindle-like morphology. 
Post-storage proliferative capacity of HPDLFs
Discussion
In the present study, the effect of water, HBSS, SAT and EMT as the storage media for an avulsed tooth on HPDLF cell viability, proliferative capacity and morphology was investigated. Whilst using a storage medium that can maintain the viability of PDL cells prior to replantation is an important prognostic factor, there are other factors that can affect the outcome of replantation including extra-alveolar dry time prior to transferring the tooth to the storage media or the time the tooth is out of its socket, possible bacterial contamination, patient's general health and the maturity of the root (Savas et al. 2015) .
The number of viable, metabolically active HPDLFs were determined by quantifying detectable ATP with the CellTiter-Glo ® luminescent cell viability assay. The kit contains luciferase, which reacts with ATP extracted from metabolically active cells to generate a luminescent signal as a by-product. The advantage of using this method for cell viability measurement over the widely used trypan blue exclusion test is that it can characterize the metabolic condition of the cells, enabling this research study to be more clinically relevant. In comparison, the trypan blue exclusion test can only discriminate cells with intact or damaged plasma membranes. Ashkenazi et al. (Ashkenazi et al. 2000) proved that the clinical functionality of the storage media did not correlate with the viability assessed by the trypan blue exclusion test.
In this study, a known number of viable, active HPDLFs were serially diluted, and the assay was used to correlate the intensity of the obtained luminescent signal to the number of cells. The obtained linear correlation (r 2 = 0.987) indicates that the amount of ATP, represented by the luminescent signal, is directly proportional to the number of metabolically active cells. This is in agreement with a previous report (Crouch et al. 1993 ) and the manufacturer's claim.
The results of this study suggest that EMT and HBSS are more effective and superior to SAT when HPDLFs have to be stored and preserved for an extended period of time as they can maintain the viability, proliferative capacity and morphology of these cells more efficiently. HBSS is sterile and contains essential nutrients (Hiltz & Trope 1991) . Having a physiological pH (7.2-7.4) (Krasner & Person 1992 , Khademi et al. 2008 , Mousavi et al. 2010 , Hwang et al. 2011 ) and osmolality (275-284 mOsm kg −1 ) (Blomlof et al. 1981 , Khademi et al. 2008 , Mousavi et al. 2010 , Hwang et al. 2011 , HBSS is suitable for cell survival and growth (Waymouth 1970) . Several studies have shown that HBSS can preserve the viability of PDL cells for an extended period of time (Ashkenazi et al. 2000 , Hwang et al. 2011 ); promote proliferation (Sigalas et al. 2004) ; and maintain high mitogenicity of PDL cells (Ashkenazi et al. 2000) . HBSS is also beneficial to those PDL cells that are initially stored in a dry condition (Pileggi et al. 2002 , Caglar et al. 2010 , Mahal et al. 2013 ) or in saliva (Lekic et al. 1998) . The main drawback of HBSS as a tooth storage medium is its limited availability to the public at or near the site where tooth avulsion occurs (Sigalas et al. 2004 ). Although HBSS is commonly recommended as a clinical storage solution for avulsed teeth, its ability for the long-term preservation of cells has not been accepted. HBSS storage on the other hand results in failure of the solution to adequately nourish the cells for more than 6 h perhaps because of changes in the concentration of its components (Moura et al. 2014 ). The SAT is a HBSS-based system and consists of a sealed container and a suspension net that protects the avulsed tooth once it is dropped into the system (Krasner & Person 1992) . SAT has a pH of 6.4-7.2 (Marino et al. 2000 , Souza et al. 2010a ) and osmolality of 275 mOsm kg −1 (Marino et al. 2000) . Several studies, however, have found that SAT is inferior to HBSS in preserving the viability of PDL cells (Souza et al. 2010a (Souza et al. ,b, 2011 , and it is as detrimental to PDL cells as water after 24 h at room temperature (Souza et al. 2010a,b) or 72 h at 5 °C (Souza et al. 2011) . EMT on the other hand has demonstrated a healing rate of 75% when used to store avulsed teeth before replantation (Pohl et al. 2005a ,b,c, Werder et al. 2011 ). An in vitro study has demonstrated that SCCM maintained proliferative activity of PDL cells for up to 48 h (Pohl et al. 1999 ).
The present results indicate that water had a detrimental effect on the viability of the HPDLF after only 30 min of storage; less than a half of the total number of cells survived after 30 min, and by 24 h less than 9% of the cells were viable. Pure water has a hypotonic osmolality with 3-4 mOsm kg −1 (Marino et al. 2000) and causes cell damage and lysis (Blomlof et al. 1981) . Replanting avulsed teeth stored in tap water resulted in a high incidence rate of replacement resorption (Andreasen 1981) . Water, therefore, is considered as the least favourable tooth storage medium (Trope 2002 ) and should be avoided (Andersson et al. 2012) . Most studies on tooth storage media use water as the negative control for this reason.
The detrimental effect of SAT on the HPDLFs after 24 h agrees with previous studies (Souza et al. 2010a (Souza et al. ,b, 2011 . It was found that the effect of SAT on the HPDLFs were similar to that of water after 24 h of storage at 20 °C (Souza et al. 2010a,b) and 37 °C (Souza et al. 2010a) or after 72 h at 5 °C (Souza et al. 2011) .
Despite similarities between the components of HBSS and SAT (Krasner & Person 1992) , HBSS successfully maintained the viability of the HPDLFs throughout the observation period, whilst SAT was not effective after 6 h of storage. Souza et al. (2010a Souza et al. ( , 2011 ) also found that SAT constantly performed inferiorly to HBSS, regardless of the storage temperature, sterility (Souza et al. 2010a) or freshness (Souza et al. 2010b ) of the media after a short storage times. The authors suggested that such disparities between the two media might be attributed to the possibility that the concentrations of the components are different for each medium (Souza et al. 2010a,b) . To verify this statement, the formulation of HBSS that was used to make the Emergency Tooth Preserving System, which was later renamed SAT, was cross-referenced with the documented formulations of regular HBSS from three different distributors and manufacturers (Thermo Fisher Scientific Inc., Sigma-Aldrich Co. LLC. and Mediatech Inc.) (Krasner et al. 1989) . Indeed, some differences in components and concentrations amongst the different versions of HBSS and SAT were noted (Krasner & Person 1992) . These differences could potentially explain why SAT was not able to maintain the viability of the HPDLF as efficiently as HBSS in the present study. Further investigations are necessary to confirm this hypothesis and determine whether or not it would have a clinical impact.
In addition to the existence of vital PDL cells, maintaining proliferative capacity is decisive for periodontal healing following replantation (Pohl et al. 2005b ). Both EMT (Pohl et al. 1999 (Pohl et al. , 2005b ) and HBSS (Blomlof et al. 1981 , Harkacz et al. 1997 , Ashkenazi et al. 2001 ) have been shown to maintain vitality and proliferative capacity (high mitogenicity) of PDL cells for extended periods at room temperature in vitro. This is in agreement with the results in the present study and could be attributed to the composition of these storage media, that is different salts, amino acids, vitamins and glucose in the formulation (Pohl et al. 2005c ).
The effect of osmolality of media on cell survival and growth has been demonstrated in numerous studies (Waymouth 1970 , Andreasen 1981 , Blomlof et al. 1981 , Lindskog & Blomlöf 1982 . Whilst cells can grow in media with an osmolality in the range of 230-400 mOsm kg −1 , a more optimal rate of cell growth has been observed in media with an osmolality in the range of 290-330 mOsm kg −1 (Waymouth 1970) . Lindskog & Blomlöf (1982) tested the viability of PDL cells stored in sucrose solutions in various concentration: Only 10% of the cells remained viable in the hypotonic sucrose solution, whilst 35% of cells survived in the sucrose solution with a physiological osmolality. The results of this study emphasize a critical influence of the osmolality of storage media to cell viability.
The osmolality analysis in this study showed that all the media, except for deionized water, had physiological osmolality values. Deionized water had an osmolality of 0 mOsmol kg −1 , which explains the detrimental effect on the HPDLFs during the experiment. The results showed that the HPDLFs stored in SAT and water had a similarly low viability after 24 h. This implicates that, at least for long-term storage, other features of media, such as electrolyte and nutrient concentration, may be more closely linked to viability of the HPDLFs than osmolality is. This is supported by others (Marino et al. 2000 , Hwang et al. 2011 . Marino et al. (2000) showed that both long shelf-life milk and regular pasteurized milk outperformed SAT in protecting the HPDLFs, in spite of their similarity in osmolality. Hwang et al. (2011) found that green tea extract, with osmolality of 138 mOsmol kg −1 , had better ability to maintain the HPDLF viability than HBSS or milk.
All the experiments in this study were performed at room temperature. However, one may note the effect of storage temperature on the viability of PDL cells. Schwartz et al. (2002) investigated the effect of temperature (−18, 4, 22, 37 °C) on periodontal and pulpal healing after replantation of incisors in monkeys. They concluded that the storage temperature (above 0 °C) is important only for dry storage for short extra-alveolar periods, where extensive destruction of the PDL always takes place by evaporation.
Conclusion
Within the limitation of this study, for long-term storage of an avulsed tooth (6-24 h), EMT and HBSS are more effective than SAT. SAT was effective only for 6 h, at which point it started losing its efficacy and became as detrimental to HPDLFs as water by the 24 th hour.
